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Abstract
A phenomenological model which has had some success in ex-
plaining polarization phenomena and left-right asymmetry in inclusive
proton-proton scattering is considered for reactions involving photons.
In particular, the reactions (a) γ+p→ H+X; (b) γ+p(↑)→ pi±+X
and (c) p(↑) + p → γ +X are considered where γ = resolved photon
and hyperon H = Λ0,Σ± etc. Predictions for hyperon polarization in
(a) and the asymmetry (in (b) and (c)) provide further tests of this
particular model. Feasibility of observing (b) at HERA and the effect
of the polarization of the sea in the proton in p(↑) + p → pi± +X is
briefly discussed.
Polarization phenomena in high energy proton-proton scattering has been
studied experimentally [1] and theoretically [2, 3] for over two decades. Left-
right asymmetry (AN) has been measured [4] in the scattering of a trans-
versely polarized proton (p(↑)) with an unpolarized proton (p) in the inclu-
sive reactions of the type
p(↑) + p→h+X (1)
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where h is a hadron and typically is π±, Λ etc. Significant transverse po-
larization P (H) for hyperons H = Λ, Σ±,Ξ−,Ξ0,Σ0 is found in unpolarized
proton-proton inclusive scattering, viz,
p+ p→ H +X (2)
The effects observed in the above reactions are non-perturbative by nature
and hence have not been accessible to calculations based on first principles,
that is, quantum chromodynamics. Instead, phenomenological models have
been suggested for the production of the observed hadron.
Of the various models, which reproduce some features of the data for
AN and P (H), the most succesful one is perhaps the “orbiting valence
quark model”, sometimes also refered as “Berliner Relativistic Quark Model
(BRQM)” [3] is very interesting in that it relates AN and P (H) as being due
to the same underlying production mechanism in terms of the constituent
quarks of the protons and the produced hadron.
The basic idea is that a transversely polarized quark qP (↑) or qP (↓) in the
projectile (P) proton combines with the appropriate quarks or anti-quarks
from the ‘sea’ of the target proton to form the observed hadron h in the
reaction Eq (1).
Further, the produced hadron h moves preferentially to the left of the
beam direction, in the upper side of the production plane (see figure 1).
That is if ~S · ~n > 0, where ~S represents the transverse polarization of qP (↑),
which is polarized upwards w.r.t. the production plane. While, h formed
from qP (↓), with ~S · ~n < 0, will move preferentially to the right. This gives
rise to a left-right asymmetry. The same reasoning gives rise to a net P (H)
in the sub-sample of hyperons going left since H is assumed to retain the
polarization of the qP which forms it [3].
Based on these ideas, we consider reactions (other than in Eqs. (1) and
(2)) to provide further tests of this model. In particular, in §2 we consider
(a) the left-right asymmetry in the reaction
e− + p(↑)→ e− + π± +X (3)
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and (b) the transverse polarization of the hyperon H in
e− + p→ e− +H +X. (4)
In both cases the photon from the eeγ vertex is considered to be ‘real’ with
‘resolved’ hadronic components.
The left-right asymmetry AγN of the photon in
p(↑) + p→ γ +X (5)
is considered in §3. This reaction has a much larger cross-section than the
reaction
p(↑) + p→ e+ + e− +X (6)
considered earlier [3].
In addition, in §4 we consider the possibility that the sea of the polarized
projectile proton is polarized and estimate the left-right asymmetry of π±
produced in the target fragmentation region (xF < 0) in the reaction Eq (1).
Lastly, in concluding remarks we summarize our main results.
§2. Resolved photon-proton reactions
(a) Left-right asymmetry in e− + p(↑)→ e− + π± +X .
We consider the photon from the eeγ - vertex with M2 = (mass)2 ≤
(100MeV )2. At such small values ofM2 the ‘resolved’ photon −γ, containing
hadronic components dominates in contrast to the ‘direct’ photon which has
a point-like interaction. The study of jet production in e−+e+ → e−+e++X
and e− + p → e− +X has led to the determination of the photon structure
functions : qγ(M
2)(x,Q2) for q = u,d,s quarks and gγ(M
2)(x,Q2) for the gluons
[5, 6]. Here, Q2 is the momentum transfer scale between the γ and proton
in the effective reaction
γ + p(↑)→ π± +X (7)
We now consider the left-right asymmetry of the π± in this reaction.
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In the picture under discussion, the uv valence quark of the proton, with
structure function upv(x
p, Q2), combines with the d¯ in the resolved γ, with
structure function d¯γ(xγ , Q2), to form a π+ meson. Similarly, dpv will combine
with the u¯ in the photon to form π−. We consider the reaction in Eq (7)
in the photon-parton center of mass frame with total energy
√
s. In this
frame [7] the Feynman parameter xF and the longitudinal momentum p||
for the emitted pion are given by xF = x
p − xγ and p|| = xF
√
s
2
, for the
proton fragmentation region xF > 0. The normalized number density of the
observed pion in a given kinematic region D is
N(xF , Q|s, i) = 1
σm
∫
D
d2pT
d3σ(xF , ~pT , Q|s, i)
dxFd2pT
(8)
where i =↑ or ↓ refers to the transverse spin of the proton, and σin is the
total inelastic cross-section. Then,
∆N(xF , Q|s) = N(xF , Q|s ↑)−N(xF , Q|s ↓) = Cγ∆D(xF , Q|s) (9)
where Cγ is a flavor independent constant which must be determined
fitting experimental data. It is expected to lie between 0 and 1, like the
corresponding constant C ≃ 0.6 [3] for reaction in Eq. (1). In Eq. (9),
∆N has been taken to be proportional to ∆D(xF , Q|s) = D(xF , Q,+|s) −
D(xF , Q,−|s) where D(xF , Q,±|s) is the normalized number density eg. of
the (uvd¯) which give the π
+.
The ± in D(xF , Q,±|s) refers to the polarization of the valence quark
with respect to proton spin direction. We must point out that here, and in
the rest of this work, that we are using parton distribution functions which
go to zero at xF = 1 and have a finite value for xF = 0. In the model [3], for
π+ one has
Dπ
+
(xF , Q,±|s) = Kπupv(xp, Q2,±)d¯γ(xγ , Q2) (10)
where Kπ is a constant. Thus, the asymmetry [9]
Aπ
+
γp
(xF , Q|s) = CγKπ[∆u
p
v(x
p, Q2)]d¯γ(xγ , Q2)
N0(xF |s) +Kπupv(xp, Q2)d¯γ(xγ , Q2) (11)
where the numerator is ∆N(xF , Q|s) and Eqs. (9-10) have been used,
so that ∆upv(x
p, Q2) = upv(x
p, Q2,+) − upv(xp, Q2,−). In the denominator,
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Nγ0 (xF |s) stands for the non-direct part of π+ production and the second
term is [Dπ
+
(xF , Q,+|s) +Dπ+(xF , Q,−|s)]. In general, the non-direct part
Nγ0 for reaction in Eq. (7) and the non-direct part N0 for reaction in Eq. (1)
will be different.However, one expects that their behaviour with respect to
xF will be similar. From fits to experimental data in [10], for h = π
± in
Eq. (1), N0(xF |s) is known. Assuming Nγ0 (xF |s) ≃ N0(xF |s), the asymme-
try in Eq. (11) is plotted in Fig. 2 using the experimentally known d¯γ and
upv [6, 8]. The non-direct part N0(xF |s) is significant for small xF and negli-
gible for xF > 0.5. One expects N
γ
0 (xF |s) also to be negligible for large xF .
In Fig. 2 we can see that results for photon–proton reaction are qualita-
tively similar to those for pion production in proton–proton reactions. the
latter are recalculated using the new proton distribution functions CTEQ5 [8]
and show asymmetry for lower xF values than before [10]. Note that the
asymmetry in both cases is qualitatively the same for xF > 0.8.
If one neglects the non-direct contribution for xF > 0.5, Eq. (11) simplifies
to
Aπ
+
γp ≃ Cγ
∆upv(x
p, Q2)
upv(xp, Q2)
≃ 2
3
Cγ (12)
The second equality is obtained using SU(6) wave function for the proton
since one has △uv(x) = 23 uv(x). This predicts that for large xF (> 0.5) the
asymmetry Aπ
+
γp /Cγ is positive and similar to A
π+
pp /C seen in p(↑) + p →
π+ +X . Further, numerically the value for large xF is ≃ 23 (for both cases),
as seen in Fig. 2.
Using analogous arguments for π− one predicts Aπ
−
γp to be smaller (than
Aπ
+
γp ) but negative and similar in behavior to A
π−
N . Again, neglecting the
non-direct contribution for large xγp > 0.5 and using SU(6) wave function
(i.e. △dv(x) = −13 dv(x)) we obtain Aπ
−
γp ≃ −13Cγ. We discuss the feasibility
of observing this asymmetry experimentally in §2c.
(b) Transverse polarization of the hyperon (H) in e−+ p→ e−+H +X .
Here the effective reaction is
γ + p −→ H +X (13)
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where the p is unpolarized and H = Λ,Σ± etc.
The kinematics is similar to that for reaction in Eq (7), except that here
the hyperon polarization P(H) is measured. To see how P(H) arises in the
model, take the direction of the proton beam in cm-frame (see figure 1).
Let transverse polarization of a quark (in the proton) be denoted by ↑ or ↓,
perpendicular to the production plane. One assumes [3], that a quark with
upward (↑) (downward (↓)) polarization will preferentially scatter to the left
(right) in the production plane, with respect to the beam direction.
This quark will combine with a two quark state (qq)γ from the photon
to form the hyperon H. It is also possible that two quarks from the proton
combine with a quark from the photon to give the polarized H. To clarify
how the model works let us consider the production of Σ− whose quark
content is dds. In this case, only the valence d-quark from the proton (dpv)
is common with those in Σ−. Let the probability of dpv(↑)(dpv(↓)) from the
proton to move to the left (right) be α. Then, the probability of dpv(↑)(dpv(↓))
to move to the right (left) will be (1−α). The unpolarized proton has equal
probability of having a dpv(↑) or dpv(↓). Using SU(6) baryon wave functions,
we know that the probability of d ↑ (d ↓) in a Σ−(↑) is 5
6
(1
6
). We expect
that N(Σ−(↑)), the number of Σ−(↑) formed by the left moving d↑ and d ↓,
will be proportional to 5
6
α + 1
6
(1 − α), while the number N(Σ−(↓)) will be
proportional to 1
6
α + 5
6
(1− α).
Thus, one expects that the polarization
P (Σ−) =
N(Σ−(↑))−N(Σ−(↓))
N(Σ−(↑)) +N(Σ−(↓)) =
2
3
(2α− 1) (14)
As expected, this is zero if α = 1
2
. Since, α is assumed to be ≥ 1/2, the
model predicts 0 ≤ P (Σ−) ≤ 2/3. Using SU(6) wave functions, we analyze
the expected polarization for the other hyperons.
(i) For Ξ0(uss) and Ξ−(dss), the upv and d
p
v will contribute to their pro-
duction by combining with the (ss)γ− state from the photon. Here
N(Ξ0↑) or N(Ξ−↑) is ∝ [1/3 α+ 2
3
(1− α)], while N(Ξ0↓) or N(Ξ−↓) is
∝ [2
3
α + 1
3
(1− α)], so that
P (Ξ0) = P (Ξ−) =
1
3
(1− 2α). (15)
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The polarization is expected to be opposite in sign to P (Σ−) but smaller
by factor of two.
(ii) For Σ+(uus) there are two formation mechanisms : (1)upv + (us)γ and
(2)(uu)pv + (s)γ. The first mechanism (as in the Σ
− case) will con-
tribute 2
3
(2α− 1) to the polarization. If α2 is the probability the spin
up diquark (uu) to move to the left then the second mechanism will
contribute 2
3
(2α2 − 1). If P1 and P2 are the probabilities for Σ+ to be
formed by the mechanisms (1) and (2) respectively then, one expects
to have
P (Σ+) =
2
3
(2α− 1)P1 + 2
3
(2α2 − 1)P2 (16)
There is no definite prediction for the polarization without having a
way to estimate P1,P2 and α2. Of course, if mechanism (1) dominates
(i.e. P2 ≃ 0) then one expects P (Σ+) ≃ P (Σ−) or smaller.
(iii) For Σ0(uds) there are 3 formation mechanisms: (1)upv + (ds)γ, (2)d
p
v +
(us)γ, and (3)(ud)
p
v+(s)γ. First two are single valence quark formation
as in Σ± while the third is like the diquark mechanism in Σ+. If Pi (i =
1, 2, 3) are the the probabilities for these three mechanisms, then
P (Σ0) =
2
3
(2α− 1)(P1 + P2) + 2
3
(2α2 − 1)P3 (17)
Again, if the valence diquark mechanism is negligible then one may
expect P (Σ0) to be similar to P (Σ−).
(iv) For Λ0(uds) the situation is different since the polarization of Λ0 comes
only from the s-quark. Here the mechanism suggested [3] is that Λ0 is
produced in association with a K+(upvs¯γ) or K
0(dpvs¯γ) which takes the
s¯γ for the spin zero pair (ss¯)γ from the photon. So, when u
p
v ↑ turns
preferentially to the left with probability α it forms a K+ with s¯γ ↓
leaving sγ ↑ to form a Λ0 ↑ state moving to the right. So
P (Λ0) = −(2α− 1), (18)
which is opposite in sign to P (Σ−) but larger in magnitude. For α >
1/2 P (Σ−) is positive while P (Λ0) = 3P (Ξ0) = 3P (Ξ−) are negative as
in case of reaction in Eq(2).
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However, one should bear in mind the possibility (not considered in [10])
that the Λ0 can also be produced in association with a K∗+ or a K∗0. This
would modify Eq (18) to
P (Λ0) = (2α− 1)(1− 2η) (18a)
where η and (1− η) denote the probabilities for the Λ0K or Λ0K∗ chan-
nels. For η = 1 (no Λ0K∗ channel) we recover Eq (18). The key point is that
if η < 1
2
then, for α > 1
2
, P (Λ0) will be positive. Note that the value of η
will depend on the reaction. It could be ≈ 1 for the reaction in Eq (2) while
it could be < 1
2
in Eq (13). So that P (Λ0) would be negative for the first
reaction but positive for the latter reaction.
(c) We briefly consider the experimental possibilities for studying the reac-
tion in Eq (7).
If Eγ is the energy of the photon in the frame (the lab-frame) in which
the proton is at rest, then S ≃ 2mpEγ. Let ΘL and Θcm be the angles made
by the pion with respect to −−→p γ in the lab-frame and the cm-frame of γ− p
respectively. Here pγ is the lab-momentum of the photon. The two angles
are related by (m2π ≃ 0)
cos2
(
ΘL
2
)
=
mp
2Eγ
cot2
(
Θcm
2
)
(19)
For Eγ ≃ 10GeV and Θcm ∼ 30o this gives a large value ΘL ∼ 70o.
Since [9], xpxγ ≃ m2π/S ≃ 5 × 10−4, such experiments will probe the struc-
ture of the photon in the regions xγ ≃ 10−3 for xp ∼ 0.5.
In HERA, one expects collision of ‘real’ photons of energy Eγ ∼ 20GeV
with protons of energy Ep = 820GeV giving sγp ≃ 6.6 × 104(GeV )2 corre-
sponding to a photon with cm-energy Ecmγ ≃ 128GeV .
If ΘH is the angle of the pion in the HERA-frame then one obtains
cot2
(
ΘH
2
)
=
EHp
EHγ
cot2
(
Θcm
2
)
(20)
In the present arrangement in H1 [11] one needs ΘH ∼ 30o for the pion to
be detectable. Therefore Eq(20) gives an angle of about Θcm ∼ 129o. HERA
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experiments would probe regions for which xpxr ∼ 3 × 10−7. One can hope
to probe rather low values of x in the proton where possible polarization of
the sea could well be tested.
§3. Left-right asymmetry in p(↑) + p→ γ +X .
In this reaction, if the projectile proton is polarized then one would expect
to observe AγN the left-right asymmetry of the emitted photon in the projectile
fragmentation region. The process at the quark level is qv + q¯s → γ + gluon,
where qv = u or d and q¯s is from the ‘sea’ of the other proton. Formation
of γ through uu¯ is larger than through dd¯ by a factor 4. For a polarized
projectile proton, the model gives the asymmetry
AγN(x
γ
F ) =
C˜γKγ [4△ uPv (xP )u¯Ts (xT ) +△dPv (xP )d¯Ts (xT )]
N0(x
γ
F ) +Kγ[4u
P
v (x
P )u¯Ts (x
T ) + dPv (x
P )d¯Ts (x
T )]
(21)
where the superscripts P and T refer to the projectile and the target
and C˜γ and Kγ are constants to be determined. The expected asymmetry
for this case is plotted in figure 3 where we can see that in comparison to
pion production (Fig. 2) the asymmetry becomes important even for small
xF values.
Again, assuming SU(6) wave function for the proton, aproximating u¯s(x) =
d¯s(x) and neglecting the non-direct contribution N0 for large x
γ
p > 0.5,
Eq.(21) simplifies to
AγN(x
γ
F ) ≃
C˜γ
3
8uPv (x
P )− dPv (xP )
4uPv (x
P ) + dPv (x
P )
(22)
Since, for xF > 0.8, u
P
v dominates over d
P
v one expects A
γ
N (x
γ
F )/Cγ ≃ 2/3.
This feature is seen in Fig. 3. It may be noted that xTxP is not restricted
to be small here since uu¯ and dd¯ produce a γ + gluon. Thus, xp ≃ xγF and
xT
<∼ 0.1 would be a good region to study.
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§4 Effect of sea polarization:
The experimental study [12] of the gp1 structure function has led to an
interesting possibility that the sea in the proton is strongly polarized. This
could lead to a possible observable asymmetry in the target fragmentation
region (xF < 0) in addition to that observed in the projectile fragmentation
region (xF > 0).
Consider the reaction p(↑)+p→ π±+X where the projectile is polarized.
In the model under consideration one would expect
Aπ+N (−|xF |, s) =
CsKπ △ d¯s(xP )uv(xT )
Npp→π0 (−|xF |) +Kπd¯s(xP )uv(xT )
(23)
where Cs (subscript ‘s’ is for sea) is a constant to be determined. The ex-
pression for Aπ−N can be obtained by u ↔ d in Eq (23). Note also that
−xT + xP = −|xF | and |xPxT | = m2π/s.
Measurement of such asymmetries would probe the polarization of d¯s or
u¯s in the sea.
One can also probe these by studying γ + p(↑) → π± +X . In this case,
for cm. energy
√
s/2,
Aπ−γp (−|xF |, s) =
CγsKπ △ u¯ps(xP )dγ(xγ)
Npp→π0 (−|xF |) +Kπu¯ps(xP )dγ(xγ)
(24)
where xP − xγ = −|xF | and |xPxγ | = m2π/s. It is important to note that
the asymmetry in Eqs. 23 and 24 are observable for xF < 0 (or −|xF |) in
contrast to those discussed in §3 which are in the region xF > 0. Aπ+γp can
be obtained by d↔ u in Eq. (24.
Estimates of △u¯s have been recently extracted from the data [13] giving
△u¯s ∼ (−0.1)us. The xF dependence of the asymmetries (divided by the
undetermined overall constant Cs) in Eqs. 23 and 24 are plotted in Fig. 4.
For the non-direct contribution we used Npp→π0 given in reference [10].
From Fig. 4, we note the following points:
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a) The asymmetries from the sea polarization are generally very small.
for example less tan 0.002 for xF < −0.1 (or |xF | > 0.1). This is in contrast
to the asymmetries arising from valence quarks, see Fig. 2.
b) Sea polarization asymmetries are larger near xF ≃ 0 than the valence
quark polarization asymmetries.
These two points are true for both proton–proton and photon–proton
reactions. An interesting feature is to be seen in Fig. 4 for proton–proton
reactions, namely, a cross-over point at |xF | ≃ 0.1, where Aπ+N = Aπ−N ≃ 0.
Concluding remarks:
In this paper, tests of a particular phenomenological model are given for
some new processes in sections 2-4. In particular, relations like P (Σ−) =
−2P (Ξ0) for the process in Eq. (13) and Aπ+γp ∼ 23 Cγ (for xF > 0.8) in
§2, provide new and simple tests of the model. It is interesting to note
that Aπ
+
N ∼ 23 C (Fig. 2) and Aπ
+
N ∼ 23 C˜γ (Fig 3) have similar limits. The
processes which provide these tests would probe small x-region of the proton.
Further, the possibility of a left-right asymmetry in the target fragmen-
tation region due to a polarized sea is suggested. In all the cases considered
here, these asymmetries are small (Fig. 4). We expect that with the new
generations of experiments in HERA, and maybe at Jefferson Lab, will be
able to measure the effects discussed above.
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n
→
p→B
p→Λ
left
right
Figure 1: The transverse hadron polarization is defined with respect to the
unit vector ~n ≡ ~pB×~pΛ|~pB×~pΛ| which is perpendicular to the production plane,
formed by the beam and the produced hadron directions. Here ~pB and ~pΛ
are momentum of the beam particle and that of the produced hadron Λ,
respectively.
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Figure 2: Left-right asymmetry for pions as a function of xF (See Eq. (11))
for γp reactions in Eq. (7) is plotted as solid lines. The parton distribution
GRS99 [6] for the photon and CTEQ5 [8] for the proton were used. For
comparison, the corresponding quantity for reaction in Eq. (1) is plotted
using the same parton distributions (dashed lines). In both cases the positive
values of asymmetry are for π+ and the negative values for π−. In the ordinate
the constant is Cγ (C) for reactions in Eq.(7) (Eq.(1)).
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Figure 3: Left-right asymmetry for photons as a function of xF in proton–
proton interactions (Eq.5). For the non-direct formation we used Npp→π0 [10].
The ordinate is AγN (x
γ
F )/C˜γ given in Eq. (21).
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Figure 4: Left-right asymmetry for pions, from sea polarization, as a func-
tion of |xF | for negative xF . In each case the ordinate is the asymmetry
(see Eqs.( 23) and (24)) divided by the unknown constant Cs, to be de-
termined by fitting experimental data. For the proton–proton reactions (in
Eq. (1)), Aπ+N /Cs andAπ−N /Cs are given by “solid” and “dashed” lines, respec-
tively. For photon–proton reactions (see Eq. (7)) the corresponding quantities
Aπ+γp /Cs and Aπ−γp /Cs are given by “dotted” and “dot-dashed” lines.
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